We used a myeloid-specific Cre to conditionally delete CD82 in mouse osteoclasts and their precursors. In contrast to global loss of CD82 (gKO), conditional loss of CD82 (cKO) in osteoclasts does not affect cortical bone, osteoblasts, or adipocytes. CD82 loss results in greater trabecular volume and trabecular number but reduced trabecular space in 6-month old male mice. Though this trend is present in females it did not reach significance; whereas there was an increase in osteoclast numbers and eroded surface area only in female cKO mice. In vitro, there is an increase in osteoclast fusion and defects in actin assembly in both gKO and cKO mice, irrespective of sex. This is accompanied by altered osteoclast morphology and decreased release of CTX in vitro. Integrin αvβ3 expression is reduced, while integrin β1 is increased. Signaling to Src, Syk, and Vav are also compromised. We further discovered that expression of Clec2 and its ligand, Podoplanin, molecules that also signal to Syk and Vav, are increased in differentiated osteoclasts. Loss of CD82 reduces their expression. Thus, CD82 is required for correct assembly of the cytoskeleton and to limit osteoclast fusion, both needed for normal osteoclast function.
Introduction
Osteoclasts are specialized multinucleated hematopoietic cells required for resorbing bone matrix. These large cells are the result of fused mononuclear precursors, a process dependent on macrophage colony stimulating factor (mCSF) and receptor activator of nuclear factor kappa-B ligand (RANKL) signaling (Heymann et al., 1998) . Prior to resorption, osteoclasts adhere to the bone matrix and rearrange the cytoskeleton into a dense belt of peripherally localized F-actin called the actin ring or sealing zone (Pfaff and Jurdic, 2001; Lakkakorpi et al., 1993; Vaananen and Horton, 1995) . The sealing zone is comprised of adhesion molecules such as integrins and adhesion-induced signaling molecules such as Src, Syk, and Vav, all required for the assembly of actin-rich podosomes in the sealing zone (Nakamura et al., 1999; McHugh et al., 2000; Duong et al., 1998; Sanjay et al., 2001; Faccio et al., 2005) . Proper sealing zone formation is essential for optimal osteoclast adhesion to bone, which is important for maintaining the low pH created by acidification that allows resorption to take place.
Tetraspanins (tspans) are ubiquitously expressed four-pass transmembrane scaffolding proteins containing a conserved CCG motif in the large 2nd extracellular loop (Stipp et al., 2003) . Tspans are involved in many biological processes including development, immunity, cell fusion, cell adhesion and migration, and cancer metastasis (Miranti et al., 2014) . The role of tetraspanins in bone development or homeostasis has received limited attention, where studies to date are limited to osteoclasts. In RNAi experiments, Tspan5 promoted, while Tspan13 inhibited osteoclast fusion in vitro (Iwai et al., 2007; Zhou et al., 2014) . Neutralizing antibodies and RNAi to CD9 blocked fusion in vitro (Ishii et al., 2006) , but CD9-null mice displayed enhanced osteoclast fusion when cultured in vitro, and dual knockout of CD9 and CD81 resulted in enhanced osteoclastogenesis in situ (Takeda et al., 2003) . A more recent report demonstrated that sealing zone formation was disrupted in Tspan7 KO mice through decreased activation of Src and Pyk2, which negatively affected bone resorption (Kwon et al., 2016) .
CD82 is a tetraspanin family member identified as playing a critical role in hematopoietic stem cell homing and bone marrow engraftment (Gillette et al., 2009) . Hematopoietic homing to the bone marrow is positively regulated by CD82 both in vitro and in vivo (Larochelle et al., 2012; Hur et al., 2016) . Increased CD82 mRNA expression was observed in vitro during murine osteoclast differentiation on bone (Crotti et al., 2011) . Microarray data from this same study indicated that a member of the dectin-1 family, Clec2, was similarly elevated in https://doi.org/10.1016/j.bonr.2019.100196 Received 4 June 2018; Received in revised form 18 January 2019; Accepted 28 January 2019 differentiating osteoclasts. Dectin-1 expression and function is regulated by another tetraspanin, CD37, which is the closest phylogenetic relative to CD82 (Meyer-Wentrup et al., 2007; Garcia-Espana et al., 2008) . Clec2 had not previously been reported in osteoclasts, but its role in platelets is well known (Chaipan et al., 2006; Suzuki-Inoue et al., 2007; Kerrigan et al., 2012; Spalton et al., 2009; Borgognone et al., 2014; Gitz et al., 2014; Pollitt et al., 2014; Navarro-Nunez et al., 2015) . Clec2 is required for lymphogenesis by interacting with its ligand, podoplanin, on lymphatic endothelial cells (Bianchi et al., 2017) . Activation of Clec2 on platelets signals downstream to Src, Syk, and Vav as integrin αvβ3 does in osteoclasts .
Our group previously generated a global CD82 null mouse and demonstrated defects in platelets, osteoblasts, and osteoclasts (Uchtmann et al., 2015; Bergsma et al., 2018) . In those bone studies, we identified a role for CD82 in maintaining normal bone growth and limiting bone marrow adipogenesis. To more precisely define the contribution of CD82 in osteoclasts to bone homeostasis, we crossed CD82 floxed mice to LysM-Cre mice to conditionally ablate CD82 expression in myeloid cells. We hypothesized that deletion of CD82 in osteoclasts would result in defective bone composition and abrogate osteoclast function. Herein we assessed the bone and osteoclast phenotypes of our conditional deletion of mouse CD82.
Materials and methods

Animals
CD82 floxed mice were generated as previously described (Uchtmann et al., 2015) . CD82 floxed mice on FVB/N background were crossed to LysM-Cre mice on a C57Bl/6J background to ablate CD82 expression in myeloid cells. Mice were maintained in a pathogen-free and ALAAC certified facility. Littermates from heterozygous matings were used in all experiments. Male and female mice were assessed independently to determine if any sex-dependent phenotypes existed. Unless otherwise noted, animals were sacrificed by CO 2 asphyxiation and all studies were conducted in accordance with an IACUC approved protocol.
microCT
Femurs were harvested from 36-week old mice sacrificed via CO 2 asphyxiation. Bones were cleaned of excess tissue, fixed in a 10% neutral buffered formalin solution for 72 h, and stored in 70% ethanol until use. Femurs were rehydrated in PBS for 12 h prior to being scanned into a SkyScan1172 microCT scanner at 60 kV (Bruker). Cortical analysis began at 45% of the length of the bone, calculated up from the growth plate. Trabecular volume of interest encompassed regions from 0.25 to 2.75 mm from the distal growth plate. NRecon, Dataviewer, and CTAn software were used for image reconstruction and data analysis.
Histology
Femurs were harvested from 24-week old mice sacrificed via CO 2 asphyxiation. Bones were cleaned of excess tissue, fixed in 10% neutral buffered formalin solution for 72 h, and stored in 70% ethanol until embedment in methyl methacrylate. Longitudinal undemineralized sections (5 μm thick) were cut from Methyl Methacrylate (MMA) plastic embedded blocks of frontal sections of Femur, using a Leica 2265 microtome. These were stained with Goldner's Trichrome stain for the static measurements, and additional sections were cut at 10 μm, and left unstained for dynamic (fluorescent) measurements.
Histomorphometry
Embedded femurs from 24-week old mice were analyzed by histomorphometry. A region of interest was selected that was exactly 250 μm distal to the growth plate, and extending 1000 μm downward (thereby avoiding the primary spongiosa) through the metaphysis of the tibia. The cortical edges were avoided by placing the circle to be measured exactly 250 μm away from the endocortical edge. Standard bone histomorphometry was performed by the methods of Parfitt et al. (1987) using Bioquant Image Analysis software (R & M Biometrics, Nashville, TN) (Dempster et al., 2013) . A two-dimensional histologic section displays profiles of three-dimensional structures. Four types of primary measurements were made -area, length (or perimeter), distance between points or lines, and number. These referents, such as tissue volume, bone volume, bone surface, and osteoid surface are used to derive other indices, such as trabecular number and trabecular separation.
Mechanical testing
Femurs from 36-week old mice were fresh-frozen in PBS-soaked gauze post-mortem and thawed for 2 h in PBS. Femurs were subjected to 4-point-bend testing using a TestResources 570L axial-torsional screw-driven testing system (TestResources, Shakopee, MN).
Osteoclast differentiation
Femurs and tibias were harvested from mice aged 4-6 weeks. One end from each bone was severed with scissors and placed in a 0.5 mL microcentrifuge tube that was punctured in the bottom with a sterile needle. The 0.5 mL tube was placed into a 1.5 mL centrifuge tube and marrow was spun out of the bone by ramping up the microcentrifuge for 10 s. The 0.5 mL tubes were removed from the 1.5 mL tubes, and 0.5 mL ACK buffer was used to reconstitute the red marrow that remained in the 1.5 mL tube. Cells were incubated in ACK buffer (150 mM NH 4 Cl, 10 mM KHCO 3 , 0.1 mM Na 2 EDTA, pH 7.2-7.4) for 10 min at room temperature to allow red blood cells to lyse. Lysed red blood cells were separated from remaining cells by centrifugation at 3000RPM at room temperature for 5 min. White pellet was resuspended in 10 mL αMEM1 (αMEM (ThermoFisher) supplemented with 10% heat-inactivated FBS, 1% Pen/Strep, and 1% L-glutamine) and allowed to grow overnight at 37°C. After 24 h, cells in suspension were collected, counted, and plated at 400,000 cells/mL in 0.5 mL αMEM2 (αMEM1 supplemented with 20 ng/mL mCSF (R&D Systems)) in a 24-well plate for 48 h to expand the osteoclast precursor population. After 48 h, nonadherent cells were collected and plated on the substrate of interest (tissue culture dish (plastic), glass coverslip, sterilized bone disc, or Corning Osteo Assay Surface (Sigma)) in αMEM3 (αMEM2 supplemented with 20 ng/mL RANKL (R&D Systems) and mCSF (R&D Systems)). This time point is considered day 0 of differentiation.
Osteoblast differentiation
Mouse bone marrow cells were extracted from the long bones of 12-week old mice, plated in α-MEM medium supplemented with 10% FBS, left to adhere for 3 d, and then differentiated to osteoblasts using 50 μg/ mL Vitamin C for another 7 d. The medium was changed every 3 d until the end of the experiment. Alkaline phosphatase (ALP) staining were performed by fixing cells in 10% neutral buffered formalin and then staining cells with NBT/BCIP (Thermo Scientific) at 37°C.
Corning Osteo Assay Surface
Osteoclast precursors were seeded in 24-well plates of Corning Osteo Assay Surface Plate (Sigma) at 400,000 cells/mL in αMEM3 to induce osteoclast differentiation. When cells appeared to be early osteoclasts, roughly around day 3 of RANKL treatment, or mature osteoclasts at day 5, they were removed from the plate by incubating with a 10% bleach solution for 10 min. Wells were monitored to verify that all the cells had been removed from the plate and then rinsed with dH 2 O. Plates were allowed to air dry before evaluation with a light microscope. 'Pits' and 'trails' were blindly evaluated based on roundness and length.
Bone discs
Bone discs were generated from fresh frozen bovine femur stripped clean of the muscles, cartilage, and tendons. The bone was sawed into 2 cm-wide pieces to fit into the irregular specimen holder of our Extec Labcut 150 Variable Speed Precision Diamond Saw (Extec). Bone was sliced into 75um fragments at low speed using Ringers solution (Baxter) to continuously wet the bone while being cut. Once the bone had been sliced, a stainless steel biopsy punch (George Tiemann & Co.) was used to punch 5.0 mm discs from the fragments. Bones not being used were stored at 70% ethanol at -20C. To prepare discs for cell culture use, they were washed extensively in three rounds of 1× PBS changed every couple of hours and then overnight in 1× PBS. The following day, discs were washed similarly in several rounds of complete culture media and left to wash in complete culture media overnight. All washes were performed in a sterile tissue culture hood. Osteoclast precursors were seeded on bone discs at 10 6 cells per well in a 96-well plate in αMEM3.
Media was replaced every 2-3 days for 12-15 days and then cells stained for TRAcP or used for immunostaining. Conditioned media was collected at the last two media changes and frozen for future use with CTX1 ELISA kit.
Tartrate resistant acid phosphatase (TRAcP) staining
Differentiated osteoclasts were identified in vitro using a tartrateresistant acid phosphatase staining kit (Sigma). Staining procedure was performed as instructed in the kit instructions with the exception of using Fast Garnet. We used Fast Red Violet Base Solution (Sigma) in place of Fast Garnet as it performed more consistently.
Immunofluorescence
Differentiated osteoclasts were rinsed with PBS and fixed with 4% Paraformaldehyde for 10 min and rinsed 3× in PBS. Cells were blocked in 4% normal goat serum and subsequently washed 3× with 500uL PBS. For cells stained for Phalloidin and DAPI alone, Phalloidin (Alexa Fluor 546, Thermofisher) was added at 1:200 in 1% BSA/PBS and DAPI (Thermofisher) at 1:250 and incubated at room temperature, protected from light for 10 min prior to a final wash in PBS. For calcitonin receptor staining, primary rabbit polyclonal antibody (Alomone Labs) was diluted 1:200 in 200uL 1%BSA/PBS and added to cells overnight at 4C. Secondary antibody (goat-anti-rabbit Alexa Fluor 488, Thermofisher) was added at a concentration of 1:100 in 200uL 1% BSA/ PBS and incubated for 1 h at RT, protected from light. Cells were rinsed in PBS and coverslips were adhered to slides with Fluoro-gel with Tris buffer (Electron Microscopy Sciences).
Actin cytoskeleton quantification
To quantify the extent of actin cytoskeleton formation, Phalloidinstained osteoclast images were uploaded into ImageJ software and the color channels were split such that the red channel could be isolated for analysis. Total red-channel fluorescent density was calculated per osteoclast by selecting the entirety of the cell, including a small blank margin surrounding the cell to ensure complete measurement of the outer actin ring was incorporated. Inner-cell red-channel fluorescent density was calculated per osteoclast by selecting the whole region inside the cell just immediately adjacent to the outer actin cytoskeleton. Subtracting the inner Phalloidin density from the total Phalloidin density resulted in calculating the outer Phalloidin-positive staining. The proportions of the representative inner staining and outer ring staining were then quantified as a percent of the total density for each cell.
Fusion index calculation
Osteoclasts were identified using TRAcP staining and nuclei were identified by staining with propidium iodide (sodium) at 50 μg/mL in 0.1% sodium citrate (Sigma). A fluorescent microscope was used to record the total cell number, the number of TRAcP-positive mononuclear cells, and the number of TRAcP-positive multinucleated cells (≥3 nuclei/cell). Overall, approximately 20 areas were selected per condition, each with 10-50 cells per area.
CTX1 ELISA
Media were removed from the cells, frozen in 80uL aliquots at -20°C, and stored for less than one year. Bovine C-telopeptide of type I collagen was measured using CTX-1 ELISA (CrossLaps for Culture; IDS). Samples were thawed according to the kit manual and diluted 1:4 in standard diluent prior to testing. Protocol was followed per the kit's instructions and absorbance was measured immediately at 450 nm. A standard curve was produced from the standards values and was used to calculate the sample values.
Serum ELISA
Serum was collected from 6-month old both male and female mice. Whole blood was collected through cardiac puncture, allowed to clot for 15 min, then spun down at 2000× for 10 min at 4C. Stored -20C until used. For the P1NP (Immunodiagnostics systems (IDS) code AC-33F1) 5 μL was diluted in 45 μL supplied dilution buffer. The OCN ELISAs (Gla and Glu isoforms) were purchased from Takara and ALP ELISA was purchased from LSbiosciences. 10 μL was diluted into 90 μL of supplied dilution buffer for each of these kits.
Immunoblotting
Osteoclasts differentiated in tissue culture plates were harvested at day 0, day 3, and day 5 of differentiation. Cells were lysed in RIPA buffer (2× stock: 10 mM Tris pH 7.2, 158 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% NaDoc, 1% Triton-X100; 1× lysis: use equal parts 2× stock and ddH 2 O supplemented with 1 mM Na 3 VO 4 , 1 mM PMSF, 5 μg/mL leupeptin, 5 μg/mL pepstatin, 10 μg/mL aprotinin, 1 mM benzamide) for 1 min. Cells were scraped, passed through a 21G needle, and incubated on ice for 10 min. Cell lysates were centrifuged at full speed at 4°C for 20 min. Protein concentration was determined using BCA assay (Pierce). 15 μg protein was loaded onto SDS PAGE gels, which were run for 1 h 40 m at 125 V constant. Gel was transferred to PVDF membrane at 125 mA constant over a span of 5 h. Membranes were blocked with 5% BSA for 2 h at room temperature and washed 3 times prior to incubation in primary antibody. Membranes incubated in primary antibody overnight at 4°C, washed 3 times, and placed in secondary antibody for 1 h at room temperature. Antibodies used for immunoblotting included rat monoclonal anti-Clec2 
RNA
RNA was collected at day 5 of treatment with mCSF or mCSF/ RANKL using Qiagen RNeasy Mini Kit. cDNA was generated using MuLV Reverse Transcriptase PCR Kit (NEB) with 0.5 μg RNA. cDNA was diluted 1:5 and subjected to qPCR using FastStart Universal SYBR Green Master (Sigma). Primers used for qRT-PCR are listed in Table 1 .
Statistical analysis
Unless otherwise noted, statistical significance was determined using Two-Way ANOVA and Tukey's method for multiple comparisons, with a 95% confidence interval. Any t-tests performed were run after passing the D'Agostino and Pearson omnibus normality tests to ensure normal distribution. Statistical analysis and graphical representations of data were generated using GraphPad Prism.
Results
Trabecular bone volume and osteoclast size are increased in cKO mice
To determine if conditional loss of CD82 affects bone mass, we measured bone parameters in the distal femur of 36-week old mice by microcomputed tomography (microCT) and 24-week old mice by histomorphometric analysis. Male CD82 cKO mice displayed minimal differences in bone mineral density (BMD), cortical cross-sectional thickness (Cs.Th), or percent bone volume (BV/TV) by microCT analysis ( Fig. 1A-C) . Other cortical parameters, total perimeter (T.Pm), total cross-sectional tissue area (T.Ar), or eccentricity (Ecc) were also not altered (Supplemental Fig. S1A-C ). There was a trend toward increase in trabecular number, but it did not reach significance (Fig. 1D) . Trabecular thickness remained unchanged between WT and cKO (Fig. 1E) . These parameters presented similarly in females (not shown). However, histomorphometry analysis of younger mice revealed a significant increase in bone volume (BV/TV) and bone perimeter (BS/TV) when CD82 is lost ( Fig. 2A, B) . While trabecular thickness (Tb.Th) remained constant between wild-type (WT) and CD82 cKO mice (Table 2) , bones from cKO mice had significantly more trabeculae (Tb.N) that are arranged more closely together (Tb.S) in the distal femur (Fig. 2C, D) . All these trends were observed in both sexes, but only reached statistical significance in males (Table 2) .
Histomorphometry suggests there are more osteoclasts in CD82 cKO female mice (N.Oc/BS) and a larger surface area is covered by osteoclasts (Oc.S and Oc.S/BS) ( Table 2 ; Fig. 2E, F) . OCs in males displayed a similar trend but did not reach significance. As expected, osteoblast parameters are not affected by CD82 loss (Table 2) . Consistent with the significant increase in bone volume in males, bones from cKO males require a greater max force to be broken (Fig. 1F) , although mean polar moment of inertia (MMI) and Young's Modulus are unchanged (data not shown). Together, these data suggest that conditional CD82 loss in myeloid cells results in a bone phenotype that differs between males and females, where males have increased trabecular bone volume while females seem to have compensated in some way.
Osteoblast functions are unaffected by conditional CD82 loss
We previously observed that global loss of CD82 (gKO) results in decreased bone growth, reduced OB differentiation in vitro, and Fig. 1 . In vivo bone parameters of CD82 cKO measured by microCT and mechanical testing. A-E) Trabecular and cortical parameters of formalin-fixed femurs from 9-month old male wild-type (WT) and CD82 cKO (KO) littermates analyzed by microcomputed tomography (microCT). WT n = 12; KO n = 8. F) Max force required to fracture fresh-frozen femurs from 9-month old mice determined by mechanical testing. WT n = 9, KO n = 9 (females); WT n = 11, KO n = 9 (males). Statistical significance determined by unpaired two-tailed t-tests. Normal distribution was verified using D'Agostino-Pearson Test. p values indicated.
enhanced adipogenesis (Bergsma et al., 2018) . The microCT and histomorphometric data above indicate there are no overt bone defects in osteoblast-related functions in the cKO mice. OB differentiation in vitro was also no different between WT or cKO mice (Supplemental Fig.  S1D ). In addition, there were no increases in serum levels of bone growth markers such as PN1P, ALP, or Osteocalcin (Supplemental Fig.  S1E ) in vivo in the mice or in differentiation marker expression in the in vitro differentiated osteoblasts (Supplemental Fig. S1F ). The increase in adipocytes seen in gKO mice was also absent in the cKO mice (Supplemental Fig. S1G ).
Osteoclast differentiation is unaffected by CD82 loss
To determine if osteoclast differentiation was affected by CD82 loss at the transcriptional level, osteoclasts were differentiated in vitro from bone marrow precursors using mCSF and RANKL. No significant differences in cFMS, RANK, TRAcP, CtsK, or DCSTAMP mRNA levels were observed between WT or cKO mice (Supplemental Fig. S2A ). We verified that CD82 mRNA is lost specifically in osteoclasts, but not osteoblasts (Supplemental Fig. S2B ) and that CD82 protein is lost in differentiated osteoclasts in vitro (Supplemental Fig. S2C ).
Osteoclast fusion is enhanced upon CD82 loss
To assess CD82 cKO osteoclast function in vitro, we differentiated primary bone marrow precursors from WT or CD82 cKO mice into osteoclasts for 3-5 days on plastic or 12-14 days on bovine bone discs and stained for TRAcP. While we saw differences in osteoclast properties between females and males in vivo, these differences did not manifest in vitro. For this reason, we combined the data taken from male and female mice in most of the in vitro experiments. When cells were differentiated out to day 5 (plastic) or day 14 (bone), a fusion phenotype emerged where osteoclasts lacking CD82 "superfused" (Fig. 3A) . This phenotype was not observed at days 3 to 4 (plastic) or 12 to 13 (bone) (not shown). This superfusion phenotype was also observed in the osteoclasts from the global KO mice (Bergsma et al., 2018) (Fig. 3A) . Cells from CD82 cKO mice have significantly greater area on both plastic and bone substrates than those from CD82-expressing cells (Fig. 3B) . To validate that cells were fusing rather than simply increasing in size, we calculated a fusion index by counting nuclei per cell in the cells plated on plastic. CD82 cKO osteoclasts had a greater fusion index (Fig. 3C) . Like what we observed in the gKO mice (Bergsma et al., 2018) , many of the Fig. 2 . In vivo bone parameters of CD82 cKO measured by Histomorphometry. A-D) Trabecular parameters of formalin-fixed femurs from 3-month old wildtype (WT) and CD82 cKO (KO) female and male littermates analyzed by histomorphometry. E-F) Osteoclast parameters of formalin-fixed femurs from 6-month old wild-type (WT) and CD82 cKO (KO) female and male littermates. WT n = 16; KO n = 16. Normal distribution was verified using D'Agostino-Pearson Test. p values indicated. cKO osteoclasts were also poorly polarized (Fig. 3D) , suggesting a possible defect in the underlying cytoskeleton.
Cytoskeleton is compromised in CD82 cKO osteoclasts
To investigate the cytoskeletal structures of cKO osteoclasts, we differentiated primary bone marrow precursors on glass coverslips for 3 or 5 days and on bone discs for 15 days and stained for phalloidin to monitor actin ring formation. CD82 cKO osteoclasts at day 3 had poorly assembled peripheral actin rings and abnormal accumulation of actin at the center of the polykaryon (Fig. 4A ). Quantification revealed a 2-fold decrease in actin at the periphery and a corresponding increase in abnormal levels of actin within the middle of the cell in day 3-differentiated osteoclasts (Fig. 4B ). This effect was slightly less, but still significantly decreased, at day 5. At day 5, there are multiple actin rings within a single cell, suggesting there are defects in segregation of the actin cytoskeleton. To confirm that the individual actin rings were indeed part of a single cell in the osteoclasts plated on bone, we counterstained with calcitonin receptor, a membrane marker of mature osteoclasts (Lee et al., 1995; Hattersley and Chambers, 1989) . WT osteoclasts plated on bone revealed a clean overlay of phalloidin and calcitonin receptor along the outer edge of the cell and actin ring (Fig. 4C) . However, in CD82 cKO osteoclasts, there were multiple actin rings within a single cell, which is outlined by calcitonin receptor staining in green. Thus, CD82 cKO osteoclasts are defective in cytoskeleton assembly.
CD82 cKO osteoclasts have altered morphology and degrade less collagen than WT
To determine if the cytoskeletal defects seen in CD82 cKO cells affect how the osteoclasts behave, we plated primary bone marrow precursors at day 0 on Corning Osteo Assay Surface and differentiated them by treatment with mCSF/RANKL. Cells were removed at day 3 and day 6 to measure the morphology patterns. WT osteoclasts displayed both normal "pit-like" and "trail-like" patterns (Fig. 5A) . However, CD82 cKO osteoclasts produced significantly more trail than pit morphologies (Fig. 5B) . Additionally, the trails created by CD82 cKO osteoclasts appear "skidded" (Fig. 5A ). CD82 cKO osteoclasts that had superfused after 6 days, displayed fewer trails, but had abnormal looking pit structures compared to WT (Fig. 5A) .
To directly measure collagen matrix degradation, primary bone marrow precursors were plated on bone discs at day 0 and differentiated for 13 and 15 days. An enzyme-linked immunosorbent assay Fig. 3 . Osteoclast fusion is enhanced upon CD82 loss. A) Tartrate-resistant acid phosphatase (TRAcP) staining of wild type (WT), conditional KO (cKO), or global KO (gKO) osteoclasts differentiated on tissue culture plates (plastic) for 5 days (d5) or on bovine bone discs (bone) for 14 days (14d). B) Osteoclast area of WT and cKO measured using Nikon NIS Elements software's automatic shape area tool. WT n = 55, KO n = 44 (plastic); WT n = 68, KO n = 69 (bone). C) WT versus cKO Fusion index calculated as the number of nuclei per TRAcP-positive cell on plastic. WT n = 281, KO n = 387. Statistical significance determined by unpaired two-tailed t-test. Normal distribution was verified using D'AgostinoPearson Test. p values indicated; error bars are SEM. D) TRAcP staining of wild type (WT) or conditional KO (cKO) osteoclasts differentiated on tissue culture plates (plastic) for 3 days (d3).
(ELISA) was used to detect release of C-terminal telopeptides of Type I collagen (CTX1) fragments in the conditioned medium collected on day 13 and 15. At day 13, the level of CTXI released was 5-fold and 3-fold lower in media collected from male and female cKO osteoclasts respectively than WT (Fig. 5C) . At day 15 when superfusion occurs, this difference was completely abrogated in the males, and reduced to < 1.2-fold in females.
3.7. Integrin αvβ3 and Clec2/podoplanin signaling axes are suppressed upon CD82 loss Since integrin αvβ3 is required for effective adhesion and resorption (McHugh et al., 2000) , we investigated whether its expression might be affected by CD82 loss in osteoclasts. Primary bone marrow precursors were differentiated on tissue culture plates for 0, 3, or 5 days and protein expression between WT and CD82 cKO cells was compared. Expression of both integrin αv and β3 was suppressed in CD82 cKO osteoclasts (Fig. 6A) . Interestingly, integrin β1 expression was higher in cKO populations at day 5 of osteoclast differentiation, suggesting a potential compensatory mechanism to maintain basal levels of cell adherence and function. Downstream effectors of αvβ3 include Src, Syk, Vav3, and Rac1, all of which display adhesion and cytoskeletal defects like the CD82 cKO osteoclasts (Faccio et al., 2005; Soriano et al., 1991; Lowe et al., 1993; Schwartzberg et al., 1997; Mocsai et al., 2004; Zou et al., 2013; Croke et al., 2011) . CD82 cKO cells expressed more total Src, yet lost most of its activity (Fig. 6B) . While there was a mild decrease in Syk activity in cKO cells, active Vav3 and active Rac were both decreased upon CD82 loss (Fig. 6B) . As further evidence of actin ring dysfunction, we failed to see enhancement of tyrosine phosphorylation in late stage CD82 cKO osteoclasts, an indicator of proper actin ring formation (Fig. 6C) . Other closely related tetraspanin family members might compensate for loss of CD82. Expression of CD37, present in the monocytic lineage and closest homolog to CD82, was unchanged in CD82 cKO osteoclasts (not shown). However, Tspan7, another tetraspanin demonstrated to be involved in osteoclast sealing zone function, is decreased in CD82 cKO osteoclasts (Fig. 6D) . Thus, the aberrant cytoskeletal assembly and dysfunctional absorption of CD82 cKO osteoclasts is likely due to suppression of the required downstream cytoskeletal signaling pathways.
Given that tetraspanin CD37 regulates dectin-1 (Meyer-Wentrup et al., 2007) and the dectin-1 family member, Clec2, is elevated in differentiating osteoclasts (Crotti et al., 2011) , we investigated whether Fig. 4 . Actin cytoskeleton is compromised in CD82 cKO osteoclasts. Osteoclast precursors from wild-type (WT) or CD82 cKO (KO) mice differentiated on glass coverslips for 3 or 5 days (d3, d5) or on bone discs (bone) for 15 days (15d). A) Cells stained with Phalloidin 546 (red) and DAPI (blue). White dashed lines demarcate single fused osteoclasts in day 5 samples. B) Quantification of actin assembly in 3-and 5-day differentiated cells (see Materials and methods). ***p ≤ 0.001; ****p ≤ 0.0001; error bars are SD. C) Cells immunostained for Calcitonin Receptor (green) and stained with Phalloidin 546 (red). Images collected using a Nikon TE300 Fluorescent Microscope and Nikon Elements software (v4.11.00). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) CD82 loss affects Clec2. WT osteoclasts differentiated in vitro for 3 days induced the expression of CD82 and Clec2 mRNA as previously reported (Supplemental Fig. S3A, B) . In addition, the ligand for Clec2, podoplanin, was similarly induced (Supplemental Fig. S3B ). There was no difference in Clec2 or podoplanin mRNA induction between WT and cKO osteoclasts (Supplemental Fig. S3B ). The induction of both Clec2 and podoplanin protein expression was confirmed in WT osteoclasts differentiated for 3 and 5 days (Fig. 6A) . However, protein expression of Clec2 and podoplanin are both attenuated upon CD82 loss (Fig. 6A) .
Discussion
Our previous work interrogating the role of CD82 in bone using a global CD82 KO (gKO) mouse model revealed a mild bone phenotype where CD82 gKO mice have weaker bones that are more narrow (Bergsma et al., 2018) . CD82 gKO osteoclasts display abnormal morphology, yet bone formation rate was decreased due to concomitant reduced osteoblast function. To understand the normal function of CD82 specifically in osteoclasts, we generated a conditional knockout mouse in which CD82 is ablated in myeloid cells (cKO). Differences in trabecular bone architecture and composition between WT and CD82 cKO mice are largely statistically indistinguishable by microCT (μCT), although there was a trend toward increased BV/TV and trabecular number. However, the histomorphometric analysis on younger mice revealed increased trabecular volume and numbers with decreased spacing, which reached statistical significance in male, but not female, mice.
The increase in trabecular BV/TV and trabecular number, are consistent with possible defects in osteoclasts. In agreement with this in vivo phenotype, we observed defects in osteoclast morphology, defects in actin ring formation, and decreased release of CTX1 from bone ex vivo. Moreover, with time CD82 cKO osteoclasts superfuse into giant osteoclasts, which may account in part for the recovery of CTX1 release ex vivo and the weak bone phenotype in vivo.
There are several possible reasons for the somewhat contradictory in vivo findings. First, the histomorphometry was conducted on 6-month old mice, while the μCT analysis was conducted on 9-month old mice. At 6 months, bones are still remodeling, but by 9 months, they begin to regress. We saw this regression in both the WT and gKO mice, where we compared 6-month and 9-month bones by μCT (Bergsma et al., 2018) . Therefore, while bones are remodeling (i.e. histomorph data) there is a significant increase in bone volume/trabecular numbers. However, by 9 months, when remodeling slows down and there is less bone growth, this difference becomes less prominent. Second, the differences between males and females are likely the result of hormone signaling, as we did not see significant differences between sexes when experiments were performed ex vivo on osteoclasts. Finally, there may be compensation in vivo due in part to possible superfusion of the osteoclasts and increased expression of integrin β1.
We see significant loss of integrin αvβ3 and Src in our CD82 cKO osteoclasts ex vivo, yet our overall bone phenotype is milder than the integrin β3-null and Src-null mice (McHugh et al., 2000; Soriano et al., 1991; Lowe et al., 1993; Schwartzberg et al., 1997) . It is possible that the observed upregulation of β1 in CD82 cKO cells is mitigating some of the downstream signals to compensate for the functional deficiencies. Integrin β1 pairs with integrin α2 to recognize native collagen (Helfrich et al., 1996) . It was previously documented to be upregulated to compensate for β3 mutations in Glanzmann thrombasthenia patients Fig. 5 . CD82 cKO osteoclasts have altered morphology and degrade less collagen than WT osteoclasts. A) Osteoclast precursors from wild-type (WT) or CD82 cKO (KO) littermates were differentiated on Corning Osteo Assay Surface slides for 3 or 6 days (d3, d6) and bleached away to reveal morphological patterns and photographed under phase contrast. B) Trails vs. pits calculated by blinded scoring of day 3 images based on pre-defined descriptors for each event in a given field (see Materials and methods). WT n = 13 fields, KO n = 17 fields. C) Osteoclast precursors from wild-type (WT) or CD82 cKO (KO) littermates were differentiated on bone discs for 15 days and conditioned medium (CM) collected at days 13 and 15 (d13, d15). C-terminal telopeptides of Type I collagen (CTX1) concentration in CM determined by CTX1 ELISA. Data pooled from two separate experiments (each using 3 or more mice); technical triplicates assayed. Statistical significance determined using unpaired two-tailed t-tests. Normal distribution was verified using D'Agostino-Pearson Test. p values indicated; error bars are SEM. (Horton et al., 2003) , which allows bone resorption to proceed, though at a reduced rate. Integrin β1 serves as an important signaling receptor and adhesion molecule in platelets, but conditional β1 KO studies in bone cells have largely been limited to osteoblasts and their precursors, all which display mild to moderate phenotypes (Petzold et al., 2013; Shekaran et al., 2014; Habart et al., 2013; Zimmerman et al., 2000; Globus et al., 2005; Litzenberger et al., 2010) . In vitro, integrin β1 is essential for TNF-α-induced osteoclastogenesis, while RANKL-induced osteoclastogenesis is unaffected (Lu et al., 2016) .
That CD82 impacts osteoclast cytoskeletal arrangement is not unexpected, as CD82 is known to control the cytoskeleton in other cell types. In T-cells, CD82-mediated cytoskeletal assembly, activation of Vav, and Vav association with SLP76, is dependent on CD82-dependent Rho family GTPase activation (Delaguillaumie et al., 2002) . In prostate cancer cells, re-expression of CD82 reduced lamellipodia protrusion and decreased tail retraction. This was accompanied by a decrease in both Rac and Rho activity (Liu et al., 2012) . In platelets, CD82 loss leads to enhanced clot retraction (Uchtmann et al., 2015) , a cytoskeletal event driven by Rho GTPases (Pleines et al., 2012) . In CD82 KO mice, dendritic cell migration is enhanced, but interactions with T cells are reduced. This was linked to enhanced RhoA and cdc42, but reduced Rac activity in the CD82 KO cells (Jones et al., 2016 ). Thus, a major function of CD82 is to control Rho GTPase signaling to affect cytoskeletal structure.
We found that CD82 is also essential for stable Clec2 expression in osteoclasts. This appears to be post-transcriptional as mRNA levels were unaffected. Decreased Clec2 stability is consistent with a previous report demonstrating that tetraspanin CD37, the closest phylogenetic relative to CD82, is required for cell surface expression of a related family member, dectin-1 (Meyer-Wentrup et al., 2007) . Both Clec2 and dectin-1 contain hemITAM motifs that signal to Syk and Vav (Bauer and Steinle, 2017) . Whether Clec2 contributes to Syk and Vav signaling via integrin αvβ3 or whether it acts independently is unclear and warrants further investigation. The involvement of ITAM-containing receptors in osteoclasts is not a completely new concept, as loss of two ITAM-containing proteins, DAP12 and FcRγ, severely impairs osteoclast function by disrupting Syk signaling, suggesting a dependency on ITAM signaling for proper Syk activation in osteoclasts (Mocsai et al., 2004) .
More intriguing is the observation that the ligand for Clec2, podoplanin, is induced in osteoclasts and destabilized by CD82. This is the first time podoplanin expression has been reported in osteoclasts. However, it is not so surprising given its known expression in other cell types that form extensive podosomal structures, such as kidney podocytes and invading tumor cells (Martin-Villar et al., 2006; Suzuki et al., 2015) . In this context, podoplanin functions independently of Clec2, associates with and regulates cytoskeletal dynamics through Ezrin and activation of RhoA (Martin-Villar et al., 2006) . Whether podoplanin is required for podososome assembly and resorption in osteoclasts remains to be determined. Interestingly, Ezrin is known to associate with CD9 and CD81, the fusogenic tetraspanins, through their association with EWI proteins (Sala-Valdes et al., 2006) . The extent to which Clec2-podoplanin interactions might drive osteoclastogenesis is also unknown. Whether this pairing could be involved in osteoclast-osteoclast interactions such as occurs during fusion, or whether Clec2 on osteoclasts can interact with podoplanin found on osteocytes during resorption are important questions to be addressed in future studies.
Tetraspanins are well known for their role in controlling cell fusion. They are required for the fusion of myoblasts in muscle fibers, membrane-coated virus entry, and mediate the fusion reaction between sperm and egg (Charrin et al., 2013; Potel et al., 2013; Kaji et al., 2000; Miyado et al., 2000; Le Naour et al., 2000; Sharma et al., 2011; Davis et al., 2012; Montpellier et al., 2011) . That CD82 negatively controls osteoclast fusion is consistent with previous reports demonstrating the involvement of other tetraspanins in polykaryon fusion (Iwai et al., 2007; Zhou et al., 2014; Ishii et al., 2006; Takeda et al., 2003) . It is important to note that we did not detect any changes in protein expression of fusogenic tetraspanins CD9 and CD81 in CD82 cKO osteoclasts (not shown) or other tissues (Uchtmann et al., 2015) , suggesting that the enhanced fusion seen upon CD82 loss is not due to altered expression of these tetraspanins. We similarly did not detect any Fig. 6 . Integrin αvβ3, Clec2/Podoplanin, and signaling axes are suppressed upon CD82 loss. Protein isolated from in vitro differentiated osteoclasts from wild type (WT) or CD82 cKO (KO) mice at day 0, day 3, or day 5. A) Levels of integrin (ITG) αv, β3, β1, Clec2, podoplanin (Pdn), and tubulin (Tub) measured by immunoblotting. B) Levels of active Src (Src Y418), Syk (Syk Y525/6), Vav3 (Vav Y173), and Rac (*Rac) measured by immunoblotting. Actin served as loading control. C) Level of total tyrosine phosphorylation measured by immunoblotting with 4G10 antibody and actin served as loading control. D) Levels of Tspan7 measured by immunoblotting and actin served as loading control. changes in CD37, the closest homolog of CD82. However, we did see lower levels of Tspan7 in the cKO osteoclasts and cannot rule out the possibility that expression or function of any of the other 28 tetraspanins might be altered. Assessment of the role of other tetraspanins in bone homeostasis and their specific roles in both osteoclasts and osteoblast function will be required to fully understand how this important family of regulatory proteins facilitates bone development.
Conclusions
Not only is this the first report identifying a role for CD82 in negatively regulating osteoclast fusion and positively promoting integrinbased signaling, normal cytoskeletal assembly, and collagen matrix degradation, it is the first to describe expression of Clec2 and podoplanin in osteoclasts and that these two proteins are regulated by CD82. These novel findings contribute to our comprehension of how osteoclasts normally function and how regulation of these proteins might direct future treatment options for a variety of bone pathologies.
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